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306a Monday, February 9, 2015the actin cytoskeleton to the extracellular matrix (ECM). How these proteins
assemble into force sensing and transducing structures is poorly understood,
due largely to a lack of methods that directly visualize the mechanical force ex-
erted by integrins with nanometer spatial resolution. Here we use Fo¨rster reso-
nance energy transfer (FRET)-based molecular tension sensors (MTSs) to
visualize the forces exerted by integrins in living cells. Simultaneous super-
resolution imaging of MTSs and GFP-tagged cellular proteins results in
maps of force-producing structures within focal adhesions (FAs) with sub-
diffraction spatial resolution. We find that on our Arg-Gly-Asp (RGD)-present-
ing surfaces avb3 integrin localizes to high force regions, whereas a5b1 integ-
rin localization is more diffuse. The canonical FA proteins paxillin, vinculin,
talin, and a-actinin colocalize with force production. Surprisingly, paxillin,
which is not generally considered to play a direct role in force transmission,
shows a higher degree of spatial correlation with force than vinculin, talin, or
a-actinin, proteins with hypothesized roles in force transmission. Super-
resolution imaging reveals that MTS-measured tension, paxillin, and actin
form linear structures in many adhesions, suggesting that the fundamental
unit of FA assembly may be an actin bundle connected to the substrate via a
variety of integrin- and actin-binding complexes. The high degree of spatial
correlation of both paxillin and avb3 integrin with mechanical tension suggests
that these proteins may play direct roles in cellular mechanotransduction.
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Cell traction forces generated via the actomyosin interaction within the cell
play a critical role in many biological and pathological processes including
angiogenesis, wound healing, embryogenesis, metastasis, tumor invasion, and
inflammation. In the case of tumor invasion, several studies have reported a
correlation between cellular traction and invasion potential; however, these re-
sults are inconsistent. In their study, Kraning-Rush et al. reported a positive cor-
relation between cellular traction as measured by total force and metastasis
potential. On the other hand, Koch et al. reported a negative correlation be-
tween tumor cell invasion and cellular traction as measured by strain energy.
We hypothesized that this ambiguity could be a result of overlooked effects
of other parameters on measured cellular traction. Using finite element
modeling of cell traction, we explored the effect of multiple morphological
and mechanical parameters on the measured cellular traction using both strain
energy and cellular traction forces as the model outputs. Our results demon-
strate a clear dependence of strain energy on substrate stiffness, cell polarity,
and contact area, whereas, total force was independent of any of the tested pa-
rameters. In addition, our results predict the ability of cells to alter the apparent
stiffness of their environment by changing their focal adhesion size.
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Tissue cells exhibit varying responses according to the stiffness of their extra-
cellular matrix (ECM). Currently, the mechanism of this stiffness sensing is not
fully understood. We believe that cells probe stiffness by applying intracellular
force to the ECM via the integrin-mediated focal adhesions. In previous studies,
the linkage of integrins to the cytoskeleton has been modeled as slip clutches,
which are shown to affect focal adhesion formation and hence force transmis-
sion in a stiffness dependent manner. In contrast, the bonds between integrins
and ECM have been characterized as ‘‘catch bonds’’. It is unclear how ECM
viscoelasticity affects these catch bonds. Here we report the effects of ECM
stiffness on the binding strength of integrins to ECM ligands by measuring
the rupture force of individual integrin-ligand bonds of cells on collagen-
coated polyacrylamide gels. Results show that the median breaking force of in-
dividual integrin-collagen bonds of 3T3 fibroblasts increases according to gel
stiffness. The stronger integrin bonds on stiffer substrates can promote focal
adhesion formation, suggesting that the substrate stiffness regulates the cell-
ECM adhesions not only by affecting the cytoskeleton-integrin links but also
by modulating the binding of integrins to the ECM.
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Experiments suggest that the migration of some cells in the three-dimensional
extra cellular matrix bears strong resemblance to one-dimensional cell migra-tion. Motivated by this observation, we construct and study a minimal one-
dimensional model cell made of two beads and an active spring moving along
a rigid track. The active spring models the stress fibers with their myosin-driven
contractility and alpha-actinin-driven extendability, while the friction coeffi-
cients of the two beads describe the catch/slip bond behavior of the integrins
in focal adhesions. In the absence of active noise, net motion arises from an
interplay between active contractility (and passive extendability) of the stress
fibers and an asymmetry between the front and back of the cell due to catch
bond behavior of integrins at the front of the cell and slip bond behavior of in-
tegrins at the back. We obtain reasonable cell speeds with independently esti-
mated parameters. We also study the effects of hysteresis in the active spring,
due to catch bond behavior and the dynamics of cross-linking, and the addition
of active noise on the motion of the cell. Our model highlights the role of alpha-
actinin in three-dimensional cell motility and does not require Arp2/3 actin fila-
ment nucleation for net motion.
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We present a two-dimensional mathematical model and finite element simula-
tions of a cell interacting with a deformable substrate to better understand how
substrate mechanical properties affect cellular mechanical response and spread
areas. The cell is treated as an actively deforming hypoelastic material and the
substrate is linearly elastic. The model predicts stress and displacement fields in
both the cell and the substrate. This model of cell and substrate mechanics is
coupled to models describing active cellular deformation due to stress fiber
contraction and evolution of focal adhesions. In this work we compare cellular
stresses and substrate displacements predicted by the model on substrates of
increasing stiffness against two experimental works i) Hersh et. al. 20131
with cardiomyocytes and (ii) Marinkovic et. al. 20122 with hMSc’s. The model
predicts an increase in compressive stresses within the cell for the two cell types
with increasing substrate stiffness between 1kPa-90kPa, which is in agreement
with experimental results. Further model predictions of increase in substrate
displacements with substrate stiffness are in good quantitative agreement
with the experimental results. In addition on softer substrates we predict that
increased stress fiber contraction due to a greater compliance of the substrate
at the sites of attachment results in smaller spread areas.
References:
1) Constant beat: Cardiomyocytes adapt their forces by equal contraction upon
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2) Improved throughput traction microscopy reveals pivotal role for matrix
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To understand cell adhesion and migration, it is crucial to have information on
cellular traction stress. Most traction force microscopy only measures shear
stress. Recently a few group developed develop methods to measure normal
stress and mostly based on finite element method. We report our finite
element-method to compute three-dimensional (3D) traction stress exerted by
human mesenchymal stem cells on a two-dimensional compliant polyacryl-
amide substrate embedded with fluorescent nanoparticles. The images of nano-
particles are acquired by confocal microscopy. We tracked the displacement of
nanoparticles and computed strain, stress and strain energy by ANSYS. We
examined both experimental factors and calculation that affect the resolution
of the force measurement, especially in z direction. The stress measurement
of the third dimension provides complete information on traction stress.
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Many studies have shown atherosclerotic plaques are heterogeneous in
stiffness. What still remains unclear, however, is how this heterogeneous
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this work, we used substrates of varying stiffness to study the behavior of mac-
rophages, an immune cell found in plaques. We found that stiffness affected
macrophage phenotype and function. For example, macrophages plated on
soft gels (1-5 kPa) had only a slight increase in area over 18 hours. Macro-
phages on the stiff gels (280 kPa), however, had an 8-fold increase in area
over the same time period. In addition to area, macrophage migration was
also found to depend on stiffness. Although macrophages on both the soft
and stiff substrates exhibited random motion, their speed did depend on sub-
strate stiffness. Macrophages on the 280 kPa gel traveled at 12.5 um/hr,
much faster than the average 6.6 um/hr for macrophages plated on the softer
substrates. Furthermore, f-actin content in macrophages also depends on sub-
strate stiffness. On soft substrates actin is spread uniformly throughout the cyto-
plasm, whereas on 280 kPa substrates, actin is organized into stress fibers.
Finally, macrophages were observed to proliferate faster on stiff substrates.
Cells were counted at various timepoints over 72 hours, and macrophages
plated on the 280 kPa gel had a significantly smaller doubling time than those
plated on soft substrates. In conclusion, these results suggest that macrophages
are mechanosensitive; they respond to changes in stiffness by modifying their
area and function. These results are important in understanding how macro-
phages respond in complex mechanical environments such as an atherosclerotic
plaque.
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In inflammation, endothelial cells release adhesion molecules that mediate
rolling of neutrophils. While rolling, neutrophils activate to become capable
of firmly adhering to endothelial cells; after this, they migrate through the
blood vessel wall into inflamed tissue. The initial phase of rolling, dominated
by P-selectin-PSGL-1 bonds, is critical for preventing neutrophils from leav-
ing the area of the inflammation prior to activating. A portion of endothelial
P-selectin are expressed as dimers, and PSGL-1 are predominantly dimeric;
however, monomeric P-selectin is typically used in in vitro studies and
computational models of neutrophil rolling have not accounted for dimeric
P-selectin. Prior to inflammation, P-selectin is stored in Weibel-Palade
bodies located primarily near the boundaries between endothelial cells;
secreted P-selectin mostly remains near these boundaries. It has been pro-
posed that endothelial cells release a combination of monomeric and dimeric
P-selectin, with dimeric P-selectin more stably binding neutrophils at endo-
thelial cell boundaries, while the more diffusible monomeric P-selectin cover
the center of the endothelial cell face. Here, a computational model of
neutrophil rolling on endothelium is used to study the effects of distributions
of monomeric and dimeric P-selectin on neutrophil rolling. Even small frac-
tions of dimeric P-selectin greatly reduce neutrophil rolling velocity. Results
are presented regarding the advantages of a mixed population of monomeric
and dimeric P-selectin, the mechanics of force distribution across the neutro-
phil body, and how effectively neutrophils are attracted to endothelial cell
boundaries.
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The infiltration of circulating neutrophils into the vascular wall is an early
step leading to inflammation and atherogenesis, and requires transendothelial
migration and invasion through the basement membrane. While much
research has been dedicated to the identification of the signaling cascade
involved in neutrophil recruitment, less is known about how neutrophils
generate the three-dimensional (3-D) forces and shape changes required for
invasion. To address this issue, differentiated HL-60 neutrophil-like cells
are plated on a reconstituted basement membrane made of Matrigel and
incorporated with chemoattractant fMLP. The cells subsequently adhere
and invade into the 3-D Matrigel. Using 3-D Fourier traction force micro-
scopy, we measure the evolution of cell shape and traction stresses in this
3-D invasion model. Our results show that several filopodia-like cell exten-
sions at cell edge lead the way and exert pulling forces, which contributes
to generate a large invasive protrusion that burrows into the Matrigel by
generating pushing forces. We find that the total pulling force from all the
filopodia structures balances the pushing force exerted by the invasive struc-
ture, revealing a coordination between morphodynamic changes and 3-D trac-tion stresses during cell invasion. Furthermore, since the number of filopodia
exceeds the number of invasive protrusions, this force balance causes the
pushing stresses created at the invasive site to be much higher than the pull-
ing stresses exerted by the filopodia. Thus, the 3-D traction forces exerted by
filipodia play an important role in regulating protrusion dynamics of invading
neutrophils in 3-D microenvironments, and are mechanistically coordinated
to enhance invasion.
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Vascular endothelial cells are exposed to routine and directed mechanical
forces due to the pulsatile nature of blood flow. As a result, these cells un-
dergo cytoskeletal remodeling and elicit adaptive changes in cell signaling
that protect them against atherosclerosis. A main purpose of this remodeling
is to minimize alterations in intracellular mechanical tension caused by
external forces and to maintain it at a preferred (homeostatic) level. It has
been purported that normal physiological functions of the endothelium re-
quires tensional homeostasis across a broad range of length scales, from the
subcellular level to the tissue level. Our recent study challenged this view,
however. We measured reorientation of cellular traction forces in isolated
endothelial cells in response to periodic uniaxial stretch. We found that within
~40-50 min from the onset of stretch the traction field reorients in the direc-
tion perpendicular to the stretch axis, but exhibits a highly dynamic and
erratic behavior long after reorientation is completed. Moreover, even in the
absence of external stretch the traction field remains dynamic and erratic
while the cell spreading area changes very little and cells do not migrate.
Here, we hypothesized that tensional homeostasis of the endothelium requires
intercellular cooperation. We measured cellular traction forces in two-
dimensional endothelial cell clusters of different sizes and at different length
scales over an extended time period and analyzed traction dynamics. Our
analysis revealed that dynamic fluctuation of traction forces diminished
with increasing cluster size and with increasing strength of the traction field,
suggesting that cell-cell cooperation might promote tensional homeostasis in
the endothelium. Using a mathematical model, we showed that the cell clus-
ters might regulate the homeostatic state of stress through mechanical interde-
pendence between adjacent cells.
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Many important biological processes, such as endothelial mechanotransduction
of hemodynamic forces and neutrophil extravasation, involve the transmission
of stresses across a cell monolayer. During these processes, the monolayer un-
dergoes both lateral distortion due to the in-plane traction forces generated by
the cells, and bending due to the out-of-plane component of the traction forces.
However, the contribution of this bending to the monolayer stresses has been
neglected in the literature. Here, we present a novel technique to determine
monolayer stresses that considers both lateral distortion and bending. To illus-
trate the method, and to quantify the relative importance of the lateral and
bending stresses, we measure the monolayer stresses in micropatterned endo-
thelial cell islands of varying sizes and shapes. The cell islands are cultured
on flexible polyacrylamide gels embedded with fluorescent beads, which
deform due to traction forces exerted by the cells. We measure the three-
dimensional gel deformation using previously established 3D Traction Force
Microscopy methods, and recover the monolayer stresses from the measured
deformation using Kirchoff-Love thin plate theory. The equations are solved
numerically in an efficient manner using a Fourier pseudo-spectral method.
The boundary conditions corresponding to the geometry of the cell islands
are enforced within the Fourier framework using a relaxation iterative method.
Our results indicate that, regardless of island shape, the three-dimensional
bending stresses are dominant at the center of the island while the lateral
stresses are more important near the island edge. Also, comparing the results
from islands of different sizes shows that the relative importance of the bending
stresses decreases with island size. These results suggest that it is necessary to
resolve bending stresses to accurately determine the monolayer stresses, and
reveal that the transmission of forces across cell junctions is three-
dimensional and more complex than previously believed.
